The fabrication of highly sensitive and reproducible substrates for Surface Enhanced Raman Scattering (SERS) remains a challenging scientific and technological issue. In this work laser induced periodic surface structures are generated on poly(trimethylen terephthalate) films upon laser irradiation with the linearly polarized beams of a Nd:YAG laser (4 th harmonic, 266 nm), an ArF excimer laser (193 nm) and a Titanium:sapphire laser (795 nm), resulting in periods close to the laser wavelength when irradiating at normal incidence, and larger periods for different angles of incidence. Additional irradiation with a circularly polarized beam at 266 nm produces superficial circular structures. The nanostructured polymers are coated with a nanoparticle assembled gold layer by pulsed laser deposition at 213 nm. The capabilities of these substrates for SERS are evaluated using benzenethiol as a test molecule and different degrees of Raman signal enhancement are observed depending on the nanostructure type. The highest enhancement factor is obtained by for nanostructured substrates with the highest values of period, depth and roughness.
INTRODUCTION
Surface plasmons induced by an incident laser electromagnetic field on noble metal surfaces constitute the basis of Surface-Enhanced Raman Scattering (SERS) [1] [2] [3] [4] . The intensification of the Raman signal leads to outstanding sensitivities that can reach the limit of single molecule detection 5 and enable SERS substrates for use in non-invasive biological assays 6 , biosensing 7 or environmental analysis 8 . Soon after the discovery of SERS it was recognized that the substrate morphology plays a crucial role to the Raman intensity enhancement. In particular,
for corrugated surfaces made of nanoparticle assemblies, the enhancement of spectral features is highly sensitive to size, shape and degree of aggregation of nanoparticles [9] [10] [11] . Thus, controlling these parameters is a major issue when pointing at the selective detection of ultralow molecular concentrations. The development of SERS substrates with good enough sensitivity, reproducibility, robustness and stability has become an active field of research 12 and several different methods have been employed to fabricate SERS-active substrates. These include immobilization of colloidal nanoparticles on solid surfaces 13 , lithographic techniques [14] [15] [16] [17] , and other procedures of preparation of nanostructured metallic surfaces [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , including laser induced periodic surface structuring (LIPSS) 26, 28 .
Complex nanostructured substrates consisting of polymers coated with a metal layer are applied in different fields as packaging materials, filtering elements, electronic, photovoltaic, optical and mechanical devices, flexible displays and nanosensing and nanomedical components [29] [30] [31] [32] [33] [34] . With the combination of such different materials one can merge the excellent properties of polymers, in terms of mechanical flexibility, light weight, enhanced durability and low cost, with particular metallic properties like electrical conductivity and plasmonic properties. In fact, latest years have witnessed growing interest in the fabrication of flexible plasmonic substrates 35 for non-invasive sensing. The research on flexible plasmonics is quickly moving toward the fabrication of low-cost devices for daily-life applications and recent studies have reported the fabrication of flexible SERS substrates made of membranes of natural rubber and polydimethylsiloxane containing gold nanoparticles 36, 37 , of silver nanoparticles embedded in polycarbonate plastic films 38 and of hard thermoplastic polymers coated by thin gold or silver layers by sputtering and electroless deposition 39 .
Recently some of us have reported on enhancement of the Raman signal of benzenethiol (BT)
induced by a nanoparticle-assembled gold layer on flat poly(trimethylene terephthalate) (PTT) films used as substrates 26 . This enhancement, up to eight orders of magnitude, is further 
EXPERIMENTAL

Substrates nanostructuring and characterization
Polymer thin films of poly (trimethylene terephthalate) (PTT) 40 were used for irradiation 41 . Larger irradiated areas, of around 4.5 x 10 mm 2 , were generated by scanning the sample in the transverse direction at a speed of 75 m·s -1 that ensured the delivery of the optimal amount of pulses for LIPSS formation (ca. 1200). Polymer films were also irradiated at an angle of incidence of 45 o to produce structures with a period larger than the laser wavelength. Additionally, samples were irradiated with circularly polarized laser by inserting a quarter-wave plate on the 266 nm beam path.
The second system consists of an ArF laser (MPB AQX-150) that operates at a wavelength of 193 nm, with pulse duration 10 ns and repetition rate of 4 Hz. The laser output was linearly polarized with a MgF 2 Rochon prism (Bernhard Halle PLM 10) and presented a rectangular near field beam intensity distribution. For homogeneous illumination of the samples we used an aperture of 2 x 4 mm 2 and a spherical lens of 15 cm focal length placed 6.5 cm away from the sample. In this case the samples were irradiated with 600 pulses of 3 mJ·cm -2 .
Finally, we used a third laser source consisting of a Ti:sapphire oscillator (Tsunami, Spectra Physics) and a regenerative amplifier system (Spitfire, Spectra Physics) based on the chirped pulse amplification technique. The system produces 120 fs pulses at 795 nm with a repetition rate of 1 kHz. The pulse energy is finely controlled by a half-wave plate and a linear polarizer and we used neutral density filters for further energy reduction. The average power of the beam was measured with a thermopile detector. The transversal mode is nearly a Gaussian TEM00 with a 10 mm beam diameter (at 1/e 2 ). For irradiation, the pulses were focused on the surface with a biconvex, achromatic spherical lens of 100 mm focal length. Again, larger processed areas were irradiated by sample scanning at a speed of 150 m·s -1 that ensured delivery of the optimal amount of pulses for LIPSS formation 43 . At this irradiation wavelength we prepared irradiated areas of around 4x4 mm 2 with 50000 pulses of 37 mJ·cm -2 .
The nanostructured polymer films were then coated with gold by PLD 26 . The gold targets (99.99% purity; Quorum Technologies, Kent, UK) were ablated in a set up previously described 26, 44 and The topography of the polymer films was examined by AFM (Multimode 8, Bruker). Analysis was performed in tapping mode, and images were analyzed with the software Nanoscope Analysis 1.40.
SERS measurements
As a liquid analyte we used benzenethiol (BT) (> 98% purity) which was obtained from Fluka
Chemika. Diluted aqueous solutions of this analyte were prepared with Milli-Q water. A solution drop with a volume of ca. 5 L and a concentration of 10 -4 M was poured onto the prepared SERS substrates and dried in air. Raman spectra were recorded with a micro-Raman spectrometer (Renishaw InVia 0310-02), equipped with a CCD and a diode laser emitting at 785 nm as the excitation source, operating at a power level of around 2 mW (1% of the total laser power). The spectra were acquired by collecting scattered light in back scattering geometry, using a x100 magnification objective (NA 0.85). Acquisition time and accumulations were 10 s and 10 respectively. The spectral resolution was set to 2 cm -1 and measurements were performed at four different positions of the sample.
RESULTS AND DISCUSSION
Polymer films were irradiated under selected laser conditions resulting in different surface structures in terms of shape and size. Table 1 lists the characteristic parameters of the different samples, together with the laser irradiation conditions.
The topography of the polymer substrates as revealed by AFM and the corresponding height images are shown in Figure 1a . The period of the obtained structures is, as expected, of the order of the laser wavelength for irradiation at normal incidence. For irradiation at 266 nm with an incidence angle of 45 o , the period increases according to the well-known expression 45 
L=/((n-sin())
were  is the laser wavelength and n the effective refractive index. Circular structures, with an average distance between the structure centres of the order of the laser wavelength, were obtained with circularly polarized laser light. The depth of the superficial structures, listed in Table 1 , also depends on the irradiation parameters, ranging from 25 to 110 nm.
The samples were then coated with a thin layer of gold by PLD which showed strong adhesion to the nanostructured polymer films 26 . The morphology of the gold deposits was also characterized by AFM and the corresponding height images and profiles are shown in Figure 1b .
It is observed that the nanostructure is preserved in all the cases, without significant changes of both period and height.
For SERS measurements, a drop of BT 10 -4 M was poured onto the samples. The interaction of BT with the gold surface causes variations in the Raman bands of the analyte with respect to the spectrum in solution 26, 46, 47 . In particular, a band at 917 cm −1 , observed in the spectrum of the liquid (inset Figure 2) , and assigned to the in plane bending of the S-H bond, is no longer detected in the spectrum of BT acquired on the gold-coated substrate. This effect, together with a band shift from 1092 cm −1 to 1071 cm −1 (inset Figure 2) , give supporting evidence of the bonding of the benzenethiolate anion to the gold surface via the sulphur atom 46 . Figure 2 shows SERS spectra of 10 -4 M BT in the range of interest of 900-1150 cm -1 obtained on the goldcoated polymer substrates. The black line refers to the substrate based on a flat, nonnanostructured polymer film, while the coloured lines refer to laser-nanostructured polymer films fabricated with the different laser conditions listed in Table 1 .
As previously reported, coating of flat polymer films by a nanoparticle-assembled gold layer increases the Raman signal up to 8 orders of magnitude 26 as a result of the coupling of localized surface plasmon in the gold nanoparticles. In fact, while concentrations of BT of the order 10 M on a silicon substrate give a negligible Raman signal, the use as substrates of gold coated polymer film allows detection of 10 -8 M solution of this analyte 26 . Figure 3 shows in detail the topography of the gold layer coating a flat and a nanostructured polymer film and constituted by gold nanoparticles with sizes of up to a few nanometers. Noble metal nanoparticles obtained by PLD have been previously shown to enhance the Raman signal 25, [48] [49] [50] and this effect was attributed to the relatively high fraction of "hot spots", localized in the junctions 51 . In our case, the enhancement by 8 orders of magnitude of the Raman signal can be attributed to the large number of hot spots in a highly packed nanoparticle metal layer. Figure 3 shows the top of a gold coated periodic structure created by laser on the polymer film and displays a nanoparticle-assembled morphology and roughness of gold layer seems to be the same both on flat and nanostructured polymer films.
Thus, the additional enhancement shown in Figure 2 is caused by nanostructuring of the polymer film located underneath the gold layer. While we measured an enhancement factor of around 10 in the presence of LIPSS with periods of 250 nm (green line in Figure 2 
